Abstract The orientation of a cross-bridge is widely used as a parameter in determining the state of muscle. The conventional measurements of orientation, such as that made by wide-field fluorescence microscopy, electron paramagnetic resonance (EPR) or X-ray diffraction or scattering, report the average orientation of 10 12 -10 9 myosin cross-bridges. Under conditions where all the cross-bridges are immobile and assume the same orientation, for example in normal skeletal muscle in rigor, it is possible to determine the average orientation from such global measurements. But in actively contracting muscle, where a parameter indicating orientation fluctuates in time, the measurements of the average value provide no information about cross-bridge kinetics. To avoid problems associated with averaging information from trillions of cross-bridges, it is necessary to decrease the number of observed cross-bridges to a mesoscopic value (i.e. the value affected by fluctuations around the average). In such mesoscopic regimes, the averaging of the signal is minimal and dynamic behavior can be examined in great detail. Examples of mesoscopic analysis on skeletal and cardiac muscle are provided.
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9 myosin cross-bridges. Under conditions where all the cross-bridges are immobile and assume the same orientation, for example in normal skeletal muscle in rigor, it is possible to determine the average orientation from such global measurements. But in actively contracting muscle, where a parameter indicating orientation fluctuates in time, the measurements of the average value provide no information about cross-bridge kinetics. To avoid problems associated with averaging information from trillions of cross-bridges, it is necessary to decrease the number of observed cross-bridges to a mesoscopic value (i.e. the value affected by fluctuations around the average). In such mesoscopic regimes, the averaging of the signal is minimal and dynamic behavior can be examined in great detail. Examples of mesoscopic analysis on skeletal and cardiac muscle are provided. 
Introduction
The orientation of a cross-bridge is widely used as a parameter of the state of muscle. The conventional measurements of orientation, such as the ones made by wide-field fluorescence microscopy (Aronson and Morales 1969; Borejdo et al. 1979; Dos Remedios et al. 1972a, b) or by electron paramagnetic resonance (EPR) (Cooke et al. 1982; Thomas and Cooke 1980) , report the average orientation of 10 12 -10 9 myosin cross-bridges. When all the cross-bridges are immobile and assume the same orientation, like in normal skeletal muscle in rigor, it is possible to determine the average orientation from such global measurements (Thomas and Cooke 1980; Borejdo et al. 1982; Berger et al. 1996; Hopkins et al. 2002; Sabido-David et al. 1998) . But in actively contracting muscle, where a parameter indicating orientation fluctuates in time, the averaging destroys all the kinetic information. For example, only 10 −4 % (√N/ N) of a signal from muscle fiber containing n010 12 randomly oriented cross-bridges carries kinetic information. The rest is an average and carries no information about cross-bridge kinetics. When the number of observed molecules is small enough so that the result is affected by fluctuations around the average (Qian et al. 2002) , the measurements are called mesoscopic. In a mesoscopic regime, the averaging of the signal is minimal and the dynamic and steady-state behavior can be examined in great detail. While it is possible to obtain kinetic information by imposing transients (Huxley and Simmons 1971; Goldman et al. 1984a, b) , it is non-steady-state information.
The ultimate way to avoid averaging information from trillions of myosins or other motor molecules is the observation of fluorescence from a single molecule (fluorescence is the only signal strong enough to be used). This is possible with a conventional confocal microscope in in vitro experiments, where the background signal can be effectively eliminated. Thus, Warshaw et al. were able to determine conformational states of smooth myosin using fluorescence of rhodamine incorporated into smooth myosin (Warshaw et al. 1998 ). Quinlan et al. used total internal reflection fluorescence (TIRF) to measure the orientation of myosin light chain (Quinlan et al. 2005 ). Lu et al. used quantum dots to observe the diffusive movement of processive kinesin-1 on microtubules (Lu et al. 2009 ). Yildiz et al. determined that the measured motion of a single molecule of kinesin labeled with Cy3 occurred in hand-over-hand fashion (Yildiz et al. 2004a) , and the same mechanism was observed in myosin VI labeled with GFP or Cy3 (Yildiz et al. 2004b) . Myosin V, because of its large tail domain, has been extensively investigated. Forkey using single-molecule fluorescence polarization determined the three-dimensional structural dynamics of myosin V (Forkey et al. 2003) , and Lu et al. observed processive motion of the head of myosin V simultaneously with the motion of the lever arm (Lu et al. 2010) . Finally, Sun et al. determined stepping and structural dynamics of unconventional myosin X (Sun et al. 2010) .
To observe single molecules in vivo is much more complex, mainly because of high local protein concentration and complicating effects of light scattering and autofluorescence. Particularly successful methods for decreasing the effective concentration involved the temporal separation of fluorophores. Central to these methods is the idea that the center of a point spread function (PSF) of the microscope objective can be determined with higher precision than its full width at half maximum (FWHM), and thus as long as only one molecule at a time exists in the detection volume, its precise location may be determined from the center of the diffractionexpanded PSF. The effective concentration of fluorophores within a living cell is reduced to the necessary level by randomly activating/deactivating them with light pulses. The practical realization of this idea resulted in different flavors of PALM and STORM microscopy, where fluorescent images of a cell are obtained when fluorophores are randomly activated. The images are recorded and every molecule is analyzed computationally to determine the center of its PSF. This results in beautiful images with resolution far below the diffraction limit of conventional microscopes but the time resolution of the method is low.
A related method of overcoming the diffraction limit involves minimizing the observational volume. In this technique, like in conventional confocal microscopy, fluorescent probes are attached to the molecules of interest and are excited by a focused laser beam and observed through a confocal aperture. However, unlike PALM, fluorophores are not randomly activated, but most of their fluorescence is depleted by a second, red-shifted, doughnut-shaped laser beam which is made to illuminate the sample before spontaneous emission of fluorescence occurs. This second beam stimulates the transition of excited molecules back to their ground state. Stimulated emission has the same red-shifted wavelength as the doughnut-shaped beam. A bandpass filter rejects the stimulated photons and allows collection of the shorter wavelength fluorescence photons, which originate from the center of the doughnut. The second beam effectively quenches a subset of fluorophores at the periphery of the PSF, thereby reducing the effective PSF to the diameter of the "doughnut hole". The PSF produced by the non-quenched fluorophores is ∼10 times smaller than that in a conventional or confocal microscope (Hell and Wichmann 1994; Klar et al. 2000) . Therefore, STED microscopes produce spectacular images of the insides of cells (Willig et al. 2006; Urban et al. 2011; Tian et al. 2011 ), but like PALM, STORM and related methods are too slow to follow rapid conformational changes.
To achieve the required time resolution in experiments on skeletal or cardiac muscle, we have adopted a different approach. The number of observed molecules is equal to the detection volume (DV) multiplied by the concentration of the fluorophore. Our approach has been to simultaneously limit the DV and to minimize the concentration of the fluorophore. The effective way to minimize the volume has been to use TIRF microscopy to minimize the height of the DV and to use a confocal aperture to minimize its lateral dimension Burghardt et al. 2006a; Muthu et al. 2008) . Alternatively, around-the-objective total internal reflection fluorescence microscopy can be used (Burghardt et al. 2009 ). The height of DV could be further minimized by observing surface plasmon coupled emission (SPCE) fluorescence (Borejdo et al. 2006b, c; Gryczynski et al. 2006; Burghardt et al. 2006b ), by two photon fluorescence (Borejdo et al. 2004) or by reverse Kretchmann illumination (Mettikolla et al. 2010) . Ultimately, we found that the most effective way to decrease DV was to use the confocal microscope with single molecule detection (SMD) capability. The advantage of this is that one does not have to rely on wide-field detection such as TIRF, which gives higher background due to autofluorescence from the glass elements of the objective where the exciting beam is focused.
The most effective way to minimize the concentration is to use isolated myofibrils as a sample. It is possible to add an external dye to demembrenated muscle that binds specifically and rigidly to various sarcomeric proteins. In the example provided here, it is myosin that is labeled. It is exchanged very inefficiently with the fluorescent essential light chain 1 (LC1) or with the regulatory light chain (RLC). The smallest practical concentration of the dye was found to be ∼10 nM. This makes the smallest number of myosin molecules in the DV 6-8.
Briefly, the height of the DV is equal to the height of a myofibril, which is typically 0.5-1 μm. The lateral dimension of DV is limited to ∼0.5 μm by using confocal detection with small pinhole. This method does not yet allow observing a single cross-bridge, but the number of observed molecules is in the mesoscopic range (Qian et al. 2002) . We measure conformation by recording the polarization of fluorescence from a few molecules located in a single halfsarcomere by recording parallel (I ║ ) and perpendicular (I ┴ ) components of the fluorescent light emitted by a fluorophore bound to myosin light chain. The normalized difference between these components, polarized fluorescence (PF), is a sensitive indicator of the orientation of the transition dipole of the fluorophore (Dos Remedios et al. 1972a, b; Berger et al. 1995 Berger et al. , 1996 Burghardt et al. 2006b; Hopkins et al. 1998; Goldman 1998; Morales 1995) . The technique allows the observation of only a few myosin molecules in contracting muscle with ms time resolution. Using this technique, we show that the lever arms of cross-bridges in isometrically contracting muscle rotate on a millisecond time scale, and that the probability of their distributions indicates relatively narrow range of orientations. This point is made schematically in Fig. 1 .
The exciting light beam is focused to the diffraction limit on the overlap band of a myofibril. The axial and lateral dimensions of the elliptical confocal volume (ECV) (dashed line) are estimated by measuring the FWHM of an image of 20 nm fluorescent beads. They are 700 nm and 400 nm, respectively. ECV is equal to (π/2) 3/2 × (0.400 μm) 2 × (0.700 μm)0 0.6 μm 3 . This makes DV0ECV/0.35 01.7 μm 3 (Buschmann et al. 2009 ). The concentration of myosin in muscle is 0.1 mM (Bagshaw 1982) , and therefore there are 10 5 myosin molecules in the detection volume. We show below that the procedure labels only 0.02 % out of this number.
A PicoQuant MT 200 confocal system (PicoQuant, Berlin, Germany) coupled to an Olympus IX 71 microscope is used to acquire the fluorescent data. This instrument operates in the time-resolved mode and is capable of lifetime imaging with SMD sensitivity. Each photon is recorded individually by the time-correlated single photon counting electronics in timetagged time-resolved mode. A 635-nm pulsed laser provided linearly polarized excitation parallel to the myofibrillar axis. After collecting fluorescence by Olympus ×60, 1.2-NA water immersion objective, fluorescent light was passed through a 30-μm pinhole and split by a 50:50 birefringent prism. Avalanche photodiodes (APDs) detected separated light beams through orthogonally oriented analyzers and 650 LP filter. It is made certain that APD's give identical readings for isotropic solution of dye with long fluorescence lifetime (50 nM rhodamine 700). To smooth the data it was binned by combining 1,000 measurements. This decreased time resolution from 10 μs to 10 ms.
If the first subscript of the fluorescent intensity (I) signifies the direction of orientation (either ║ or ┴ to myofibrillar axis) of excitation light , and the second subscript signifies the direction of orientation (either ║ or ┴ to myofibrillar axis) of emitted light, than the polarization (PF) is defined as PF0P ║ 0 (Tregear and Mendelson 1975) . Myofibrils were always excited with light ║to its axis ( ║ I) . Channels 2 and 1 were used to detect ║ I ┴ and ║ I ║ , respectively.
Skeletal muscle
Here, we applied the novel method described above to skeletal myofibrils exchanged with SeTau-647-mono-maleimide (SeTau) dye-labeled LC1. SeTau has several important advantages over a single isomer of tetramethylrhodamine-5- Fig. 1 The principle of observing few molecules in muscle. ECV elliptical confocal volume. A small fraction of fluorescently labeled myosin is in ECV (here it is myosin that has been exchanged with LC1), which is characterized by a single transition dipole (red arrow). The dynamics of the fluorophore is determined by polarized fluorescence(polarized fluorescence) 0 [normalized difference between parallel (║) and perpendicular (┴) components the fluorescent light]. The probability distribution of polarized fluorescence is a measure of the extent of dispersion of orientations of lever arm orientations (Δα) iodoacetamide dihydroiodide used earlier (Midde et al. 2011a ). Most importantly, SeTau is excited in the red and thus reduces the contribution of autofluorescence (Lakowicz 2006) . Further, it is well suited for excitation with 635-nm diode lasers, it has a large Stokes shift (44 nm), has much higher photostability than Cy5 or Alexa647, has a high extinction coefficient (230,000), and has a several times longer fluorescent lifetime than Cy5 or Alexa647 or SETA dyes. Because it has relatively a long fluorescence lifetime, it has low polarization, and a contribution of the unbound fraction of fluorophores to the observed polarization of fluorescence is negligible. SeTau is a unique dye with high excitation in red and a relatively long lifetime, two properties that are usually mutually exclusive. Figure 2 shows an example of implementatation of the scheme in skeletal muscle. The laser is focused to a diffraction limited spot on the A-band of a sarcomere. The projection of this spot on the image plane is a shown as a red circle.
The left image is more intense than the right image indicating that that the fluorescence is highly polarized as expected from the anisotropic sample.
The number of myosin molecules in DV is determined experimentally by Fluorescence Correlation Spectroscopy (FCS) from the number fluctuations of the free SeTau dye. The number of molecules (N) contributing to the autocorrelation function of these fluctuations is equal to the inverse of the value of the autocorrelation function at delay time 0 [G (0)], N 01/G(0) Elson 1985; Elson 2007) . The ACF's were obtained for solutions of fluorophore in the range 5-20 nM. To eliminate contributions from random events and afterpulsing, we compute the crosscorrelation function between ch1 and ch2. The 1/G(0) is plotted vs. number of SeTau molecules in the DV in Fig. 3 . Extrapolation reveals that the concentration contributed by one molecule of the dye corresponds to ∼75 counts per channel, i.e. the total fluorescence (I total 0I ║ +2* I ┴ ) from one molecule of SeTau is 225 counts/s.
The actual number of SeTau-LC1 molecules in the DV can now be estimated from the photon rate collected in a typical experiment. A signal obtained in a typical experiment is shown in Fig. 4 . Myofibrils have been cross-linked with the water-soluble reagent 1-ethyl-3-[3-(dimethylamino)-propyl]-carbodiimide (EDC) (Herrmann et al. 1993; Tsaturyan et al. 1999 ) to prevent shortening. The intensities decrease because of photobleaching, but the mean polarization of fluorescence (bottom panel, blue) remains constant, because both intensities bleach at the same rate.
The polarized intensities in ║ and ┴ channels were 3,400 and 1,300 counts/s giving total intensity I total 0I ║ +2* I ┴ 0 6,000 counts/s. The background was 1,200 counts/s indicating that the number of myosin molecules in the DV was ∼20. It should be emphasized, however, that as long as the number of cross-bridges is mesoscopic, i.e. the exact number does not matter, then 20 molecules should give the same result as 80 molecules, etc.
Results
The kinetics of the conformational changes of cross-bridges during contraction of skeletal muscle
To examine the nature of PF fluctuations we measured the autocorrelation function (ACF) of polarized fluorescence. The autocorrelation function of PF's is the normalized time average of PF's multiplied by the value of PF's a delay time later. This is a powerful method of extracting individual contributions from a signal Elson 1985 Elson , 2007 . The ACF of polarization of the fluorescence signal (bottom of Fig. 5 . A decay of ACF characterizes the rapidity of rotational motions of the lever arm. During contraction, the lever arms undergo powerstroke cycles and the PF changes cyclically. It is not at all obvious that lever arms rotate at all during isometric contraction. Isometric conditions are enforced by cross-linking and this may prevent cross-bridges from reaching neighboring actin target zones while detached. Moreover, even if crossbridges manage to reach target zones, they may undergo a single cycle while stretching a series elastic component, and remain in immobile afterwards. Analyzing the shape of autocorrelation function can tell whether the signal has a periodic component; the autocorrelation function of a periodic signal is periodic (Bracewell 1965) . The ACF of contracting muscle was not periodic. This finding is not surprising in view of the fact that synchronization would have imposed periods in which all the cross-bridges in a half-sarcomere would have been dissociated from actin causing extension by its neighbors. We note that the other possible source of fluctuations, i.e., fluctuations in the number of fluorophores in the DV Elson and Magde 1974) are not significant because PF is only sensitive to rotations and myofibrils were unable to twist.
It is possible to relate the decay of the correlation function to cross-bridge kinetics (Mettikolla et al. 2011) . For a simple 2-state model of cross-bridge cycle, where crossbridges can assume only two orientations (rigor or detached from actin) the decay parameters are related in a simple way to the rate of cross-bridge attachment (k 1 ) and dissociation (k 2 ) from actin
where a 1 and a 2 are fluorescence intensities associated with conformational change. Substituting a 1 00 and a 2 01, we get from a three-parameter exponential fit k 1 010.82 s -1 and k 2 0 0.21 s -1 . During rigor, the lever arms were stationary and the autocorrelation of fluctuations was flat. A flat correlation function arises when there are no correlations between fluorescence intensities at any time within the time of the measurement. We conclude that the transition dipoles of the dye attached to rigor cross-bridges do not change orientation at all Elson and Magde 1974) . This suggests that LC1 moieties are close enough to the myosin heads to be immobilized by the binding of heads to thin filaments. The autocorrelation function of polarization of fluorescence of the lever arms during relaxation was non-zero and non-flat.
The fact that cross-bridges rotate in cross-linked muscle indicates that they must also rotate in intact muscle. Moreover, exclusion volume effects must play a significant Fig. 4 Typical time course of polarized intensity of contracting psoas muscle myofibril. This is a bar plot, where the vertical scale is the number of counts during 10 msec. Ch1 (black) and Ch 2 (red) are the fluorescence intensities polarized perpendicular (I ┴ ) and parallel (I ║ ) to the myofibrillar axis, respectively. The direction of excitation polarization is ║ to the myofibrillar axis. Laser power00.1 μW (Minton 2001) because muscle is an exceptionally dense environment (Bagshaw 1982) . Therefore, kinetics obtained here are different than those obtained before in in vitro in solution experiments (Jacobs et al. 2011) , by X-ray (Brown et al. 2011; Minoda et al. 2011) , by AFM (Kodera et al. 2010) , by electron tomography (Wu et al. 2010) , by laser trap (Sleep et al. 2006) , and in single molecule experiments in myosin II (Warshaw et al. 1998; Quinlan et al. 2005) , myosin V (Forkey et al. 2003) , myosin VI (Reifenberger et al. 2009; Spudich 2008; Sun et al. 2007) , and in myosin X (Sun et al. 2010 ).
Distribution of cross-bridge orientations during contraction of skeletal muscle
Mesoscopic measurements also provide useful information about the degree of local order of cross-bridges. The degree of order, whether in contracting, relaxed, or rigor muscle, is an indicator of the state of the muscle. Again, the global measurements are inadequate because they average out the information about the disorder. The observable fluctuations in global measurements are contributed mainly by the noise and carry no information about cross-bridge disorder. The mesoscopic measurements, in contrast, provide such information. We examined the distribution of lever arm orientations in hundreds of haf-sarcomeres of contracting, relaxing, and rigor muscle. In order to make a statistically valid comparison between hundreds of cross-bridges from different sarcomeres, it must be recognized that myofibrils in each state give rise to fluorescent signals of different strengths. Since the signal fluctuations are random, the width of a probability distribution depends on the square root of the signal strength (Bracewell 1965; Elson 2004 ). The absolute value of the FWHM of the probability distribution is large for strong signals and small for weak signals (the relative value of FWHM is opposite -it is small for large signals and big for large signals). Therefore, to make meaningful comparisons between the signals originating from different sarcomeres have to be normalized with respect to the total fluorescence intensity. Normalization involves multiplying FWHM of the weaker signal by the square root of the ratio between larger and smaller signals.
The reason the signals from rigor, relaxed, and contracting muscles vary in strength is that the properties of the fluorophore vary in different environments. Properties such as fluorescence quantum yield, extinction coefficient, and fluorescence lifetime each depend on the environment (Lakowicz 2006) . Another critical determinant of fluorescence intensity is the density of fluorophores. This may vary because some solvent extrusion may occur in muscle during contraction. The extrusion of solvent from contracting myofibrils was proposed earlier as a mechanism of muscle contraction (Szent-Gyorgyi 1974) . Szent-Gyorgi believed that contraction is brought about by ATP-induced shedding of the water envelope surrounding the S2 segment of myosin in rigor. Although extrusion is no longer believed to be responsible for muscle contraction, extrusion of solvent can be seen by nuclear magnetic as an increase of relaxation times of water protons in living skeletal frog muscle during isometric contraction (Bratton et al. 1965) . This led to the suggestion that water in muscle is organized (Cope 1969; Hazlewood et al. 1969; Damadian 1976 ) and aligned along the myofilaments, and that the state of the intracellular water changes with physiological conditions (Yamada 2001 ). Oplatka and collaborators suggested that hydrolysis of ATP causes directional flow of water away from the Zdiscs forcing buildup of pressure in the center of a sarcomere, thus causing sliding of filaments . A similar mechanism was proposed for the cytoplasmic streaming in Physarum polycephallum (Tirosh et al. 1973) , thrombostenin (Cohen et al. 1974) , and actomyosin solutions (Oplatka and Tirosh 1973) . Solvent extrusion is massive enough to cause tightening of sarcomere structure and an increase in the density of muscle, and so cause increase in the number of molecules in the DV.
The order is best represented by the probability distribution of orientations. Probability distribution are plots of polarization values versus the number of times that a given orientation occurs during a 20-s experiment. A narrow probability distribution indicates that the cross-bridges are relatively uniformly oriented. Conversely, a broad probability distribution indicates that cross-bridges are relatively disordered. In relaxation, the myosin heads are free to oscillate, driven by thermal fluctuations. The dispersion of orientations arises from the variability of the orientations the lever arm due to thermal motions. It is believed to be completely disorganized. In contraction, in contrast, the lever arms undergo power-stroke cycles. The dispersion of orientations arises from the changes of orientations of LC1 and from stochastic noise. Therefore, the comparison of FWHMs of probability distributions during contraction and relaxation is a measure of cross-bridge order. Figure 6 compares normalized probability distribution of contracting and relaxing myofibrils.
The dispersion could also be fitted by two Gaussians as reported in (Midde et al. 2011a) , where it was suggested that one Gaussian represented cross-bridges in the pre-power stroke state and the second one cross-bridges in the postpower stroke state. For the purpose of the present review, however, in order to derive a single FWHM parameter from the distributions, we fitted all histograms by a single Gaussian.
The normalized FWHMs of 27 experiments are summarized in Table 1 . The difference between the effective FWHMs of contracting and relaxed myofibrils was large enough to suggest that it was not due to the difference in random sampling (t0-−8.532 with 53 degrees of freedom, P0<0.001).
We conclude that cross-bridges are more organized during contraction than during relaxation.
In principle, it is possible to translate polarization of fluorescence values to the absolute orientation of transition dipoles with respect to the myofibrillar axis (Dale et al. 1999) . However, such translation is critically dependent on the model of arrangement of cross-bridges. For example, using the model of Tregear and Mendelson (Tregear and Mendelson 1975) , which assumes that a fraction α of the cross-bridges are arranged helically along the long axis of muscle and the rest are arranged randomly and that the crossbridges execute only polar motions (and not, more realistically, combination of polar and azimuthal motions; Burghardt and Ajtai 1994) , the range of angles corresponding to a given range of polarizations can be very broad even if α is very small.
Cardiac muscle
We suspected that kinetics and the degree of order of cross-bridges was disturbed by the cardiac myopathy. The power of the mesoscopic approach is well demonstrated in our investigation of the effect of cardiac myopathy causing mutations of cardiac troponin I (cTnI) on dynamics and probability distribution of a mesoscopic number of cross-bridges in the left ventricle of transgenic mouse. cTnI inhibits actomyosin interactions in the absence of Ca2+ (Gordon et al. 2000) . The R145W mutation in human cTnI is associated with restrictive cardiomyopathy (RCM). It is the least common of cardiomyopathies, but is associated with the greatest morbidity and mortality (Artz and Wynne 2000) . RCM is characterized by near normal myocardial wall thickness and cavity size (Wen et al. 2009 ), but has impaired physiological functions including restrictive ventricular filling and reduced diastolic volume. Even though the systolic function is normal, RCM presents increased end diastolic pressure. Several mutations (L144Q, R145W, A171T, K178E, D190G, and R192H) in the highly conserved region of human cTnI I correlate with RCM (Mogensen et al. 2003) . We investigated one of those mutations (R145W). The physiological measurements in skinned fibers reconstituted with this mutant showed an increase in the Ca2+ sensitivity of force development, in the basal force levels in the absence of Ca2+, and a decrease in the ability to inhibit actomyosin ATPase activity in the actin-Tmactivated myosin-ATPase assay in the presence of 1.0 mM EGTA (Wen et al. 2009; Gomes and Potter 2004; Gomes et al. 2005) . In the present study, we asked what molecular changes in myosin are associated with these impaired physiological functions caused by R145W mutation.
The actual number of SeTau-LC1 molecules in the DV centered on the A-band of contracting cardiac myofibril was estimated, like in the case of skeletal muscle, from the photon rate collected in a typical experiment. Comparison of experimental and calibration curves showed that in this case we observed 6 molecules. Again, like in the case of skeletal muscle that as long as the number of cross-bridges is mesoscopic, the exact number does not matter, i.e. 10 molecule should give the same result as 100 molecules, etc. Kinetics of conformational changes of cross-bridges during the contraction of cardiac muscle
In some cases, it was possible to distinguish peaks and valleys in the original trace. A few such experiments are shown in Fig. 7 . In one experiment, data were smoothed and the peaks are indicated by red arrows. It's possible that each arrow represents conformational changes of the lever arm. Such clustering of high polarizations also occurs in contracting MUT muscle but not in rigor, consistent with the fact that clustering reflects orientational changes. The average time to complete a cycle of orientational change of lever arm in all 34 WT contraction experiments (time between the peaks) was 2.28±0.55 s. In order to find out whether the kinetics of cross-bridges was affected by myopathic mutations, we compared ACFs of contracting WT and R145W MUT cardiac muscle using the same approach as in skeletal muscle. Representative autocorrelation functions of WT and MUT myofibrils are shown in Fig. 8 . Taking a 1 00 and a 2 01, where k 1 , and k 2 are forward and reverse rate constants of cross-bridge binding and a 1 and a 2 are fluorescence intensities associated with conformational Fig. 7 Examples of conformational changes of the lever arm of WT myofibrils during contraction. Bottom panel shows a trace which was fitted by a 3rd degree polynomial. Each arrow corresponds to a peak of a polynomial and perhaps corresponds to one cross-bridge cycle change, the solution of eq. 1 yields k 1 04.07 s −1 and k 2 0 0.48 s −1 for WT muscles and k 1 00.76 s −1 and k 2 00.06 s −1
for MUT muscles. In this particular case, the rate of myosin dissociation from actin during contraction was 8 times slower for MUT than for WT muscles. The same was true for A57G mutation. The difference in k 1 s of all experiments had t02.621, P00.013 with 36 degrees of freedom. The difference in k 2 s of all experiments had t02.721, P00.010 with 36 degrees of freedom. We conclude that the difference in the mean values of the two groups is greater than would be expected by chance, i.e. cross-bridges in MUT myofibrils bind and dissociate from actin statistically significant slower than cross-bridges in WT myofibrils.
To summarize contraction experiments: MUT myofibrils were unbinding from thin filaments relatively slowly. This reinforces the notion that diastolic dysfunction is caused by inability of cross-bridges to dissociate from actin in a timely manner.
Distribution of cross-bridge orientations during rigor of cardiac muscle
In order to find out whether cross-bridge orientations were affected by myopathic mutations, we compared the distribution of orientations of cross-bridges in WT and R145W MUT cardiac muscle in rigor using the same approach as in skeletal muscle. As mentioned before, when comparing distributions it is important to recognize that the half-sarcomeres of contracting, relaxing, and rigor myofibrils each give rise to fluorescent signals of different intensities. This is because the dye has different quantum yield, absorption, and fluorescent lifetime in different environments. The differences in environments occur because of possible solvent extrusion from myofilament space during the contraction of demembrenated myofibril (Szent-Gyorgyi 1974) , and also because of inhomogeneities of label penetration of different sarcomeres and because of differences in solvent composition (e.g., ATP, Ca 2+ , EGTA). (Bracewell 1965; Elson 2004) . Like in the case of skeletal muscle, to make a statistically valid comparison between many half-sarcomeres examined in the present study, the signals have to be normalized with respect to the total fluorescence intensity, i.e. the "effective variance" (FWHM/mean), not the absolute FWHMs, have to be compared. Figure 9 compares probability distributions obtained during rigor of Tg-WT and Tg-MUT muscle. Elson and Magde 1974) are not significant because PF is only sensitive to rotations and myofibrils were not twisting The other way to emphasize differences in probability distributions between WT and MUT myofibrils in rigor are "velocity" plots where the "angular velocity" is defined as the rate of change of PF. The average velocity in rigor is 0, but introducing a second dimension here allows presenting information contained in all 21 experiments in one plot. One experiment contains 2,000 measurements of PF, i.e. a velocity plot contains 42,000 points. It is impossible to show so many data points in 1D plots. Figure 10 shows the differences between rigor PF in WT and MUT myofibrils. It is clear that the distribution of polarizations is more compact in WT myofibrils (green) than in MUT myofibrils (red).
To summarize: the cardiac muscle data showed that the rate of dissociation of cross-bridges from thin filaments was decreased in MUT muscle as compared to WT, while the probability distributions during rigor indicated a substantial loss of order. This was true not only in TnI R145W mutation but also in ELC-A57G, RLC-R58Q (Mettikolla et al. 2011) , and TnT (Midde et al. 2011b) mutations. This suggests that the diastolic dysfunction (decreased ability to relax) may be related to the increased Ca 2+ affinity to TnC (slower off rate of Ca 2+ from TnC needed for relaxation). Since rigor bridges are known to increase the Ca 2+ affinity of TnC (Guth and Potter 1987) , it is possible that altered rigor bridge binding increases Ca 2+ affinity and therefore contributes to diastolic dysfunction. Thus, it is likely that a decrease in the rate of cross-bridge dissociation from thin filaments and an increase in rigor disorder are general phenomena, i.e. the stereo-specific rigor attachment of force generating myosin cross-bridges is necessary for the normal working of the heart. Any alteration of this important energetic state of the myosin motor could be a triggering factor of cardiomyopathy.
Conclusion
The examples thus far have demonstrated that the novel technique of SMD is a viable alternative to more conventional methods. First, in the mesoscopic regime the averaging of the signal is minimal and the dynamic and steady-state behavior can be examined in great detail. Second, the method provides information from a few cross-bridges confined to one halfsarcomere, avoiding muscle heterogeneity. Third, it is well known that certain mutations in sarcomeric proteins of cardiac muscle cause severe cardiomyopathy. The mesoscopic method offers a possibility of examining mutations which are expressed at low levels. Often, the mutations can be generated in transgenic mouse with only ∼10 % incorporation of the mutated protein into a sarcomere. Such a small fraction may not lead to a significant change in the conventional contractile properties of muscle. The situation is different when examining few cross-bridges. They belong either to wild-type (WT) or mutated (MUT) sub-population. If the means of subpopulations differ by 1 standard deviation, there is a 34 % chance that, by doing 10 independent experiments, the existence of the MUT sub-population that is expressed at 10 % level will not be revealed. But this number goes rapidly to zero as the number of experiments increases. The chance that MUT sub-population will not be revealed in 100 experiments is virtually zero. Fourth, the method provides a possibility of Fig. 10 Polarized fluorescence plotted against angular velocity of 42,000 measurements of WT (green) and MUT (red) rigor myofibrils to emphasize that the distribution of polarizations is more compact in WT than in MUT myofibrils studying the distribution of orientations of sarcomeric proteins. A good example is the question of the degree of order of myosin and the role of phosphorylation of the regulatory light chain (RLC) of myosin in the regulation of skeletal muscle contraction. This has recently become central to understanding of regulation. It has been demonstrated by electron microscopy (EM) that the helically ordered arrangement of the myosin heads characteristic of the relaxed state is lost upon phosphorylation of the RLC in the thick filaments isolated from striated muscles of tarantula (Craig et al. 1987) , Limulus (Levine et al. 1991) , and rabbit psoas muscle (Levine et al. 1995) . Recent X-ray diffraction work showed that phosphorylation of RLC caused a change in cross-bridge mass distribution as they moved farther from the surface of thick filaments to become closer to the thin filament (Colson et al. 2010) . CryoEM work of Craig et al. using the threedimensional reconstruction of tarantula myosin filaments demonstrated the mechanism by which phosphorylation can regulate myosin activity (Alamo et al. 2008) . Electron paramagnetic resonance work of Cooke and his collaborators using nucleotide-analog spin label probes showed that the myosin heads are highly ordered in the relaxed fibers, when all the heads are dephosphorylated, and that this perfectly ordered structure of myosin cross-bridges disappears with phosphorylation of RLC (Naber et al. 2011) . A new superrelaxed state (SRX) in muscle has been identified in skinned skeletal (Stewart et al. 2010 ) and cardiac muscle fibers (Hooijman et al. 2011) , where myosin has a very low ATP turnover rate. This SRX state corresponds to the highly order array of myosin heads in the absence of RLC phosphorylation that can be switched to a disordered array of myosin heads by phosphorylation of RLC (Cooke 2011) . The use of the current technique to address this question may finally help to resolve the long-standing problem of the role of phosphorylation of RLC in regulation of muscle contraction.
